Acid-sensing ion channels are members of the epithelial Na ؉ channel/degenerin family. They are neuronal nonvoltage-gated Na ؉ channels that are activated by extracellular acidification. In this study, we investigated the role of a highly conserved region of the extracellular part of ASIC1a that forms the contact between the finger domain, the adjacent ␤-ball, and the upper palm domain in ASIC1a. The finger domain contributes to the pH-dependent gating and is linked via this contact zone to the rest of the protein. We found that mutation to Cys of residues in this region led to decreased channel expression and current amplitudes. Exposure of the engineered Cys residues to Cd 2؉ or to charged methane thiosulfonate sulfhydryl reagents further reduced current amplitudes. This current inhibition was not due to changes in acid-sensing ion channel pH dependence or unitary conductance and was likely due to a decrease of the probability of channel opening. For some mutants, the effect of sulfhydryl reagents depended on the pH of exposure in the range 7.4 to 6.8, suggesting that this zone undergoes conformational changes during inactivation. Our study identifies a region in ASIC1a whose integrity is required for normal channel function.
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Acid-sensing ion channels (ASICs) 2 are neuronal nonvoltage-gated Na ϩ channels that are activated by a rapid drop in extracellular pH (1, 2) . They are members of the epithelial Na ϩ channel/degenerin family of ion channel proteins (3) . Functional ASICs are formed by homo-or heterotrimeric assembly of ASIC subunits 1a, 1b, 2a, 2b, and 3. Each subunit has intracellular N and C termini and two transmembrane domains that are separated by a large extracellular loop that makes up ϳ70% of the protein mass. The crystal structure of chicken ASIC1 shows the complex organization of the extracellular loop ( Fig.  1A) (4, 5) . Expression in nociceptive neurons and activation by protons suggest that ASICs may contribute to pain sensation (6) , and evidence for such a role has been provided in several animal pain models (7) (8) (9) . ASIC1a in the central nervous system plays a role in memory formation (10) and the expression of fear (10, 11) . ASIC1a is also an important mediator of cell injury induced by conditions associated with acidosis in the mammalian nervous system (12) .
The molecular mechanisms of ASIC activation by extracellular acidification are complex and not completely understood. Several studies suggest that conformational changes contribute to channel opening (5, 13, 14) . Although protons are the only ASIC activators identified so far, ASIC activity is known to be modulated by many different mechanisms. A study on ASIC2a showed that Zn 2ϩ shifts the pH dependence of activation to less acidic values and that for this effect two His residues are critical, His-162 and His-339 (15) . His-162 of ASIC2a corresponds to His-163 in human ASIC1a (hASIC1a) and is conserved in all ASICs but not in other epithelial Na ϩ channel/degenerin family members. Analysis of the ASIC structure (4, 5) shows that His-163 is located at a point that connects three structural domains of the ASIC extracellular loop, the finger, the ␤-ball, and the upper part of the palm. also indicates the names of the different ASIC domains, as they were introduced in the initial ASIC structure paper (5) . The palm (yellow in Fig. 1A ) stretches vertically from the membrane up to the knuckle (turquoise) along the central vertical axis of the channel and contains a lower ␤-sheet and an upper ␤-sheet that interacts with the ␤-ball (orange). The ␤-ball is a sphere formed by several crossing ␤-strands and loops and is located at the same distance from the membrane as the upper palm, between the upper palm, the thumb, and the finger. The main part of the finger (Fig. 1A, purple) consists of residues 100 -165 and includes the ␣-helices ␣1-␣3 and is connected covalently to the rest of the protein in the zone around His-163 that we name in this study "finger-ball interaction zone" via a first loop to the ␤-ball (black in Fig. 1B ) and via a second loop, which contains His-163, to the upper palm (gray in Fig. 1B) . A second part of the finger is formed by a stretch of a loop between the palm and the ␤-ball that points toward the thumb region (the thumb is green in Fig. 1A ) and corresponds to residues 229 -244. Residues 223-229, which are at the interface between the upper palm and this loop of the finger, form the third loop in the finger-ball interaction zone (brown in Fig. 1B) . Thus, three peptide chains contribute to the finger-ball interaction zone, which is shown in a close-up in Fig. 1B . His-163, which is part of the second chain, forms hydrogen bonds with both Asn-96 of the first and Gln-225 of the third peptide chains. Fig. 1C shows sequence alignments of these three segments, illustrating their high degree of conservation. Because the finger domain contributes to pH-dependent gating (16 -18) , we hypothesized that the finger-ball interaction zone may be involved in ASIC gating. To understand the function of His-163 and its immediate surroundings, we introduced Cys residues by site-directed mutagenesis, probed them with Cd 2ϩ , which can bind to Cys, and with methane thiosulfonate sulfhydryl reagents and analyzed the effects on channel expression and function. We show that His-163 and its immediate surrounding are critical for ASIC activity.
EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis and Expression in Xenopus Oocytes-
The original human ASIC1a cDNA construct was kindly provided by Dr. D. Corey. For oocyte expression, it had been subcloned into the pSDeasy vector. Point mutations were introduced using QuikChange (Stratagene, Amsterdam Zuidoost, Netherlands). Mutations were verified by sequencing (Synergene Biotech, Zurich, Switzerland). Expression in Xenopus laevis oocytes was carried out as described previously (18) . Complementary RNAs were synthesized in vitro (mMESSAGE mMACHINE SP6 kit, Ambion/Applied Biosystems, Rotkreuz, Switzerland). Oocytes were surgically removed from the ovarian tissue of female X. laevis, which had been anesthetized by immersion in MS-222 (2 g liter Ϫ1 ; Sandoz, Basel, Switzerland). The oocytes were defolliculated, and healthy stage V and VI Xenopus oocytes were isolated and pressure-injected with 10 ng of cRNA or as indicated, and oocytes were kept in modified Barth solution during the expression phase. In a first series of experiments, several mutants had shown substantially lower acid-induced currents than ASIC wild type (WT). To allow a sufficiently high expression level of the mutants for functional analysis, we subcloned all mutant constructs in a vector for transcription that contained 5Ј-and 3Ј-untranslated regions of Xenopus ␤-globin, which is known to increase expression. As shown in supplemental Fig. S2 , the use of the vector containing the 5Ј-and 3Ј-untranslated regions of Xenopus ␤-globin induced for both hASIC1a and a tested mutant (H163C) an increase in total and cell surface expression and increased the maximal current amplitude.
Cell Surface Protein Biotinylation and Western Blot Analysis-45 oocytes per condition were used, and the complete protocol was performed on ice. Oocytes were washed three times with modified Barth solution and then incubated in biotinylation buffer (10 mM triethanolamine, 150 mM NaCl, 2 mM CaCl 2 , pH adjusted to 9.5) containing 1 g/ml EZ-link sulfo-NHS-SS-Biotin (Pierce) for 15 min. The oocytes were then washed twice and incubated for 5 min in quench buffer (0.192 M glycine, 0.025 M Tris-HCl, pH 7.5, in modified Barth solution) to stop the biotinylation reaction. Oocytes were then lysed in 20 l of lysis buffer per oocyte (1% Triton X-100, 500 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl) and centrifuged at 12,000 rpm for 10 min at 4°C. During the centrifugation step, 50 l of ImmunoPure immobilized streptavidin beads (Pierce) per condition were washed with the lysis buffer, and the supernatant from centrifugation was added to the washed beads. The samples were incubated overnight at 4°C. The samples were then centrifuged for 1 min at 14,000 rpm at 4°C, and 40 l of supernatant (corresponding to ϳ5% of the volume of the supernatant, representing the intracellular protein fraction) per condition were mixed with protein sample buffer, whereas the beads (containing biotinylated membrane protein fraction) were washed three times with the lysis buffer and then mixed with protein sample buffer. After boiling at 95°C for 5 min, the samples were separated by 8% SDS-PAGE and transferred onto a nitrocellulose membrane (Schleicher & Schuell). The polypeptides were exposed to rabbit anti-ASIC1 primary antibody (MTY19, 1:1000) that recognizes a C-terminal epitope of hASIC1 (11) and goat anti-rabbit horseradish peroxidase (1:20,000, Amersham Biosciences) as secondary antibody and visualized using SuperSignal West Dura Extended Duration Substrate (Pierce).
Electrophysiological Analysis-Electrophysiological measurements were performed 1-2 days after cRNA injection. Macroscopic currents were recorded using the two-electrode voltage clamp technique at a holding potential of Ϫ60 mV with a Dagan TEV-200 amplifier (Minneapolis, MN) equipped with two bath electrodes. Acidic (stimulation) solutions were applied once every minute for 5 s, and in-between the recording chamber was perfused with the conditioning solution. The standard bath solution contained in mM, 110 NaCl, 2.0 CaCl 2 , 10 Hepes-NaOH (or MES-NaOH for pH Ͻ 6.8), and pH was adjusted with NaOH to the indicated values. Oocytes were placed in a recording chamber (300 l) and perfused by gravity at 8 ml/min. The pipette solution contained 1 M KCl. Pipettes were pulled from borosilicate glass (Kimble Glass Inc., Germany). Kaleidagraph (Synergy software) was used to fit the pH activation curves to the Hill equation: I ϭ I max /(1 ϩ (10 The outside-out configuration of the patch clamp technique was used to obtain single-channel data. Before recording, the vitelline layer of the oocyte was removed. The extracellular solution for outside-out patches contained in mM, 110 NaCl, 0.5 CaCl 2 , 0.5 MgCl 2 , 10 Hepes-NaOH, and 10 MESNaOH, with the pH adjusted to 7.4 or to the stimulating pH values. Changes of external solutions of outside-out patches were made using the Rapid Solution Changer RSC-200 (Biologic, Grenoble, France). The pipette solution contained in mM, 75 CsF, 17 N-methyl-D-glucamine, 10 EGTA, and 10 Hepes, pH 7.35. Pipettes for patch clamp experiments were pulled from borosilicate glass (World Precision Instruments, Stevenage, UK). In patch clamp experiments, currents were recorded with an EPC-9 patch clamp amplifier (HEKA Electronic, Lambrecht/Pfalz, Germany) and filtered at 100 Hz for analysis. Data are presented as mean Ϯ S.E. Differences between WT and mutant forms of ASIC1a and between different treatments were analyzed by ANOVA followed by Dunnett post hoc test, using Kaleidagraph (Synergy software).
Reagents-Methanethiosulfonate reagents were obtained from Toronto Research Chemicals (North York, Canada), and other reagents were from Sigma, Fluka, or Applichem.
Homology Modeling-For the planning of the experiments and the interpretation of the data, a homology model of human ASIC1a was created based on the first chicken ASIC1 structure with Protein Data Bank code 2QTS (5) using the program Modeler 9 version 5 (19) . Five models were generated and analyzed with Dope (20) and Anolea (21) , and the model with the best overall score was selected. The homology model of human ASIC1a is very similar to the experimentally determined structure of chicken ASIC1a, due to very high sequence identity (90%). After superimposition on the C␣ atoms, the root mean square deviation between the template crystal structure and the homology model was 0.5 Å. An analysis of the model by the program PROCHECK (22) showed that 92.4% of its residues are in the favorable regions, 7.5% in the generously and additionally allowed regions, and only 0.2% (2 residues) are in the disallowed regions of the Ramachandran plot. The modeling was performed within the Protein Modeling Facility of the University of Lausanne. Both published chicken ASIC1 structures share a high similarity in the region around His-163 (4, 5) .
RESULTS
Protein and Current Expression of Finger-Ball Interaction
Zone Mutants-His-163 and residues in its immediate environment in the finger-ball interaction zone were mutated to Cys. Among the mutated residues, we distinguished two categories based on their localization in the model of the ASIC structure ( Fig. 1B; for model generation and testing see "Experimental Procedures"). Residues of category I are oriented toward the center of the finger-ball interaction zone (Asn-94, Asn-96, Gly-162, His-163, Gln-225, and Tyr-229) or form a contact between two of the strands (Ser-101 and Glu-228). These residues are shown as "ball and stick" in Fig. 1B . Except for Gly-162, they interact with other residues by H-bonds (blue lines in Fig. 1B) . The other residues, constituting category II, are oriented toward the outside of this domain (Leu-95, Glu-97, Asp-164, Ile-224, and Gln-226; shown in "stick" representation in Fig. 1B) .
WT or mutant ASIC1a was expressed in X. laevis oocytes. The expression of WT and mutant ASIC1a after injection of the same amount of cRNA was analyzed by Western blot. Before cell lysis, cell surface-expressed proteins were marked by biotinylation to allow their isolation. Fig. 2A shows Western blots of the intracellular pool and of the surface-expressed ASIC protein for ASIC1a WT and the different mutations. The ASIC1-specific antibody labeled a double band of an apparent molecular mass close to 70 kDa, corresponding to the single subunit. The existence of ASIC1a double bands has been reported previously and has been attributed to heterogeneous glycosylation (23) . The intensity of the bands indicates that many mutants had expression levels that were comparable with that of WT except for the mutants N96C, S101C, and E228C, which showed strongly decreased protein expression. Fig. 2B shows the peak current amplitude induced by acidification to pH 4.5 as black bars for category I mutants and gray bars for category II mutants. The peak current amplitude of all mutant ASICs except for L95C and Q226C was decreased at least 3-fold with respect to WT (Fig. 2B ), indicating that these mutations decreased channel expression or function. For most mutants, peak current amplitude correlated with the cell surface expression level (Fig. 2 ). Exceptions were H163C and Y229C, which had low current amplitudes despite a WT-comparable level of cell surface expression, indicating that these mutations reduced the current amplitude per channel number at the cell surface.
Comparison of the unbound and the bound fractions demonstrated that mutants with low cell surface expression levels also had low intracellular expressions levels, indicating that the low cell surface expression was not due to an impaired insertion of the protein in the plasma membrane but rather due to an impaired protein synthesis or stability. This analysis shows that an intact finger-ball interaction zone is required for normal expression of the ASIC1a protein. . C, sequence alignment of the three loops forming the finger-ball interaction zone, highlighting the amino acids substituted in this study. The amino acid sequences of the extracellular regions of human ASIC1a, -2a, -3, and -4 are aligned (GenBank TM accession numbers are as follows: hASIC1a, 21536349; hASIC2a, 1280439; hASIC3, 3747101; and hASIC4, 8346834). Category I residues are marked by F and category II residues by ‚.
Function of Extracellular Interaction Zone in ASIC1a
Cadmium Interacts with Engineered Cys Residues in the Finger-Ball Interaction Zone and Decreases ASIC Current-We exposed ASIC1a WT and Cys mutant-expressing oocytes to Cd 2ϩ or to the sulfhydryl reagent [2-(trimethylammonium)ethyl]methanethiosulfonate (MTSET) to test whether these residues were accessible and whether the binding of Cd 2ϩ or the chemical modification affected channel function. Cadmium inhibited at micromolar concentrations some of the mutants completely, although at 10 mM it inhibited only ϳ30% of the ASIC1a WT current, as illustrated by the inhibition curves in Fig. 3B , mutations of category I and II residues are shown as black and gray symbols, respectively. The IC 50 values were lower as compared with WT for all mutants except for L95C, E97C, D164C, and I224C, indicating that except for these four residues the engineered Cys residues interacted with Cd 2ϩ . Category I mutants generally had a higher apparent affinity for Cd 2ϩ than category II mutants. Most of the category I residues point toward His-163 and may, when mutated to Cys, form a Cd 2ϩ -binding site together with His-163. We hypothesized that for this reason several category I residue mutations had a higher apparent Cd 2ϩ affinity than H163C. We tested this hypothesis for two residues, Asn-96 and Gln-225 by mutating His-163 to Asn and combining this mutation with the mutation N96C or Q225C. We had chosen the conservative mutation H163N because this mutant was reported as expressing WTcomparable currents and pH dependence (16) and therefore should allow the construction of functional double mutants. The H163N mutation reduced the Cd 2ϩ affinity by ϳ5-fold as compared with the H163C mutant, but it still showed 10-fold higher Cd 2ϩ affinity than the WT (filled squares in Fig. 3B ). The IC 50 of Cd 2ϩ inhibition of the double mutant H163N/N96C was not different from the single N96C mutant (Fig. 3B) ; however, the combination of the Q225C mutation with the H163N mutation increased the IC 50 by ϳ30-fold. This indicates that the high apparent affinity for Cd 2ϩ inhibition of Q225C depends on the presence of His-163. These two control experiments show that at least for some, but clearly not all category I residues, the high apparent Cd 2ϩ affinity was due to a chelation of Cd 2ϩ between the engineered Cys and His-163. S101C and E228C displayed the lowest apparent Cd 2ϩ affinity of category I mutants. They form an H-bond connecting loop 1 and 3 and are too far from His-163 to chelate Cd 2ϩ together with His-163. Gln-226 points away from this domain and interacts with the knuckle domain of the adjacent subunit. It may form a Cd 2ϩ -chelating site together with residues from the neighboring knuckle, which might be the cause of its relatively high apparent affinity for Cd 2ϩ .
Sulfhydryl Reagent MTSET Modifies Selected Engineered Cys
Residues of the Finger-Ball Interaction Zone in a State-dependent Manner-To measure a more direct effect of sulfhydryl modification, independent of chelation between more than one residue, we exposed oocytes expressing the WT or mutant ASIC1a to the positively charged sulfhydryl reagent MTSET. MTSET fits into a cylinder with a radius of 3 Å and a height of 10 Å and is much larger than Cd 2ϩ , whose Pauling radius is 0.65 Å. MTSET forms a disulfide bond with Cys residues, thereby adding the trimethylammonium-ethyl group. Fig. 3C shows current traces of responses to acidic stimulation of different pH values of an oocyte expressing ASIC1a H163C, before and after a 5-min exposure to 1 mM MTSET. In the H163C mutant, MTSET modification strongly inhibited the peak current amplitudes (note the difference in scale of the traces in Fig.  3C ), demonstrating that the residue is accessible and that its modification impaired channel function. Fig. 3D summarizes the effects of MTSET on the maximal peak current amplitude of different mutants. Category II mutants showed less than 30% FIGURE 2. ASIC protein and current expression. A, representative Western blots of the cell surface expression of WT and mutant ASIC1a. Cell surface proteins were isolated by biotinylation, as described under "Experimental Procedures," from 45 ASIC1a-expressing oocytes 1 day after injection of 10 ng of cRNA. ASIC1a (ϳ70 kDa) was visualized by a specific antibody (MTY19) that recognizes a C-terminal epitope of hASIC1 (11) . Representative blots of the unbound and the bound fraction from 1 of Ն3 similar experiments per channel type are shown. B, peak current amplitude of ASIC1a WT and mutants (as indicated at the top of the figure) induced by acidification to pH 4.5 at a holding potential of Ϫ60 mV, 1-2 days after injection of 10 ng (WT) or 10 -50 ng of cRNA per oocyte (mutants; n ϭ 6 -28, shown as mean Ϯ S.E.). *, different from ASIC WT, p Ͻ 0.05 (ANOVA and Dunnett post hoc test). inhibition except for E97C, which was inhibited by ϳ50%. In contrast, all category I residue mutants were inhibited by more than 40%. We determined the kinetics of the decrease of the pH 5.5-induced current amplitude for most category I mutants. For this, we induced channel activation every 60 s by a 5-s acidification to pH 5.5, and we added MTSET between these acidification steps at a concentration Ͻ1 mM (e.g. 0.15 mM for Q225C) that allowed resolution of the kinetics of the MTSET-induced current decrease. Typical current traces of such an experiment are shown in supplemental Fig. S3A , and the kinetics of the pH 5.5-induced current decrease of three mutants are shown in supplemental Fig. S3B . From the fit to the kinetics, we calculated the rate of MTSET-induced current decrease in units of min Ϫ1 M Ϫ1 to allow quantitative comparison of the kinetics measured at different MTSET concentrations. This analysis yielded reaction rates of ϳ1500 -3000 min Ϫ1 M Ϫ1 for most mutants, a slightly higher rate for E228C, and an ϳ10-fold higher rate for N96C (supplemental Fig. S3C ). For the mutant with the lowest observed rate, H163C, 1540 Ϯ 154 min Ϫ1 M Ϫ1 , exposure to 1 mM MTSET results in 95% of maximal modification after 2 min and 100% after 5 min, as calculated based on a mono-exponential time course. This indicates that for these mutants modification was complete after 5 min of exposure to 1 mM MTSET. The 10-fold higher rate of current decrease in N96C is either due to better accessibility or to higher reactivity of the Cys at position 96.
To test whether His-163 and close residues were also accessible to reagents larger than MTSET, we exposed the His-163 and Gln-225 mutants to 2-(triethylammonium)-ethyl methanethiosulfonate and 2-(tributylammonium)-ethyl methanethiosulfonate, which contain a triethylammonium and tributylammonium group, respectively, as illustrated in Fig. 4A . These reagents decreased the maximal peak current amplitude to a similar degree as did MTSET (Fig. 4B) , indicating that these reagents can equally well reach H163C and Q225C as does MTSET.
The rate of current decrease due to MTSET exposure depends on the accessibility of the engineered Cys residue and may differ at different functional states of the channels, if conformational changes occur in the environment of the residue that reacts with MTSET. The crystal structure on which the homology model of the hASIC1a structure is based was obtained at acidic pH and therefore represents most likely the inactivated conformation of the channel (5). In the experiments described in Figs. 3 and 4B, the reagent was added to the closed channels (at pH 7.4). To test whether the accessibility of these engineered residues is different between the closed and the inactivated state, we exposed oocytes expressing selected mutants to 1 mM MTSET during 2 min at either pH 7.4, 7.2, 7.0, or 6.8. The relatively short exposure time was chosen because a longer exposure duration (and therefore highly saturating conditions) might allow for compensation of differences and would therefore reduce the discriminative power. The incubation pH did not affect the current decrease due to MTSET exposure in the mutants N94C, S101C, Q225C, and E228C (Fig. 4C ). There was a small current decrease in the ASIC1a WT at pH 7.0. The fact that the MTSET-induced current decrease did not depend on the MTSET incubation pH for these mutants and that there was only a small effect of pH on the WT current decrease indicates that in the pH range studied there is at most a very small intrinsic pH dependence of the sulfhydryl reaction. Interestingly, the MTSET effect was strongly reduced at lower incubation pH in three mutants, N96C, G162C, and H163C (Fig. 4C) . The hASIC1a WT undergoes inactivation if exposed to pH Ͻ 7.3, with a pH of half-maximal inactivation (pHIn50) around 7.1, and for the mutants studied the pHIn50 was in the range of 7.0 -7.2 (Fig. 5, C and D) . Therefore, the observed reduction in the effect of MTSET at pH Ͻ7.2 in the case of G162C and 
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H163C and at pH Ͻ 7.0 in N96C strongly suggests that the accessibility or the reactivity of these residues is reduced upon inactivation, most likely due to conformational changes in the finger-ball interaction zone.
Effects of Mutations on ASIC pH Dependence-The observed inhibition of ASIC currents by Cd 2ϩ and MTS reagents could be due to the following: 1) a change in the pH dependence of the channel; 2) a reduced probability of opening upon acidification, thus an effect on gating; or 3) a decrease in unitary channel conductance. To test whether the mutation and subsequent exposure to Cd 2ϩ or MTSET affect pH dependence, we determined first the pH dependence of ASIC1a WT and mutants.
The pH dependence of activation was measured by exposing WT and mutant ASICs to solutions of different pH values from a conditioning solution (i.e. the solution between the short acidic stimulations) of pH 7.4. For ASIC1a WT and selected mutants, the normalized current in control conditions is plotted as a function of the stimulation pH in Fig. 5A . The pHcurrent relationship is characterized by the pH that induces 50% of the maximal peak current amplitude, pH 50, and the Hill coefficient n H , which is determined by the steepness of the curve. The values of these parameters were obtained from fits of the experimental data to the Hill equation (see "Experimental Procedures"). The pH 50 values are plotted for WT and the different mutants in Fig. 5B (black, category I; gray, category II mutants). Many mutations shifted the pH 50 to more acidic values as compared with WT, indicating that these mutant channels were already without sulfhydryl modification less H ϩ -sensitive than ASIC WT. These shifts were of ϳ0.1-0.4 pH units, corresponding to a 1.25-2.5-fold decrease in apparent H ϩ affinity, and they were most pronounced in mutations of the first loop.
The steady-state inactivation (SSIN) represents the direct transition from the closed to the inactivated state during prolonged exposure to moderately acidic pH. For ASIC1a, the pH Inhibition by large MTS reagents and state-dependent accessibility of MTSET. A, structures of the MTS reagents used in experiments described in B. B, normalized pH 4.5-induced ASIC1a peak current amplitudes (mean Ϯ S.E., normalized to current amplitude before exposure) after a 2-min exposure to different MTSET reagents at 1 mM (n ϭ 3-4, mean Ϯ S.E.). *, inhibition by MTS reagent different from control (no reagent), p Ͻ 0.05 (ANOVA and Dunnett post hoc test). C, normalized pH 4.5-induced ASIC1a peak current amplitudes (mean Ϯ S.E., normalized to current amplitude before exposure) after a 2-min exposure to 1 mM MTSET at the pH of MTSET exposure indicated (n ϭ 3-4, mean Ϯ S.E.). *, inhibition by MTSET depends on incubation pH, p Ͻ 0.05 (ANOVA). of half-maximal inactivation (pHIn50) is ϳ7.1. Therefore, at pH values more acidic than 7.4, an increasing fraction of ASIC1a channels is in the inactivated conformation from which they cannot be opened by acidification. SSIN determines the fraction of channels that are available for opening and is therefore of physiological importance. An alkaline shift of the pH dependence of SSIN due to a mutation or the sulfhydryl modification may cause a decrease in peak current amplitude. To measure the pH dependence of SSIN, we exposed ASIC1a-expressing oocytes during 55 s to the conditioning pH in the range of 8.0 to 6.6, before switching to pH 4.5 for ASIC activation. In  Fig. 5C , the normalized current is plotted as a function of the conditioning pH for ASIC1a WT and three mutants. The pHinducing half-maximal inactivation (pHIn50) values were determined from the current-pH relationship by fitting the data to a modified Hill equation (see "Experimental Procedures"). We measured the pHIn50 values of all mutants whose maximal peak current amplitude had been shown to be decreased by exposure to MTSET (Fig. 3D) or whose IC 50 value of Cd 2ϩ inhibition was Յ2 mM (Fig. 3B) . Several mutations in loop 1 and 3 induced alkaline shifts, which were of the order of 0.1 pH units (Fig. 5D) .
Effects of MTSET and Cd 2ϩ on pH Dependence-The effect of MTSET modification on the pH dependence of activation was determined for each mutant in a direct comparison to the control condition. The shift in pH 50, ⌬pH 50, was calculated as the difference of pH 50 after MTSET-pH 50 before MTSET and is plotted in Fig. 6A . The shift in pH 50 by Cd 2ϩ , determined in an analogous way, is plotted in Fig. 6B . These experiments were done at Cd 2ϩ concentrations close to the Cd 2ϩ IC 50 , thus 50 M for N94C, N96C, Q225C, and Y229C and 500 M for S101C, G162C, H163C, Q226C, and E228C. Exposure to MTSET induced an acidic shift of ϳ0.2-0.3 pH units in N96C and E97C. Acidic shifts of pH 50 values in the presence of Cd 2ϩ that were significantly different from that of WT ASIC1a were found in the mutant N96C and G162C (Fig. 6B) . pH 50 shifts were found in both category I and II mutants, suggesting that the effect on the pH 50 does not correlate with the proximity or the orientation relative to His-163.
The shifts in the pH dependence of SSIN were determined by direct comparison between the control condition and exposure to Cd 2ϩ or MTSET and are shown in Fig. 6 , C and D, for MTSET and Cd 2ϩ , respectively. MTSET induced an acidic pHIn50 shift of ϳ0.15 pH units in E97C and Q225C. Cadmium at 50 M induced an alkaline shift of pHIn50 in Q225C. At 500 M, Cd 2ϩ induced a small acidic shift in WT pHIn50. Such an influence of divalent cations on ASIC1a pH dependence has been described previously (24) . At 500 M, Cd 2ϩ induced an acidic shift that was significantly larger than the one observed in WT in G162C, Q226C, and E228C. The effect of Cd 2ϩ on E97C pH dependence was not determined, because E97C has a very low apparent affinity for Cd 2ϩ (Fig. 3B ). In summary, Cd 2ϩ and MTSET induced shifts in the pH dependence of several of the mutants tested. Are these shifts the cause of the observed current decrease after exposure to Cd 2ϩ or MTSET? Regarding ASIC activation, three mutants on the first loop, L95C, N96C, and E97C, showed the lowest pH 50 value after MTSET or Cd 2ϩ exposure. Their pH 50 after modification was around 5.7, as can be calculated by adding the observed shift (Fig. 6, A and B) to the pH 50 of the mutant (Fig. 5B) . The activation curves of these and the other mutants saturated at pH values more alkaline than 4.5 (data not shown); thus pH 4.5 still induced a maximal peak current amplitude, indicating that the observed decrease in pH 4.5-induced current (Fig. 3, B and D) is not due to a shift in the pH dependence of activation. An alkaline shift of the pH dependence of SSIN might decrease the ASIC current amplitude, if the modified channel is already partially inactivated at the conditioning pH used in the experiments, which was 7.4. Except for Q225C, exposure to Cd 2ϩ or MTSET induced an acidic shift or had no effect on pHIn50 in all mutants tested. Steady-state inactivation developed at pH values Ͻ7. 4 , and a shift in pHIn50 is therefore not the cause of the observed current decrease.
Unitary Current Amplitude Is Similar in WT and MutantsAs discussed above, changes in channel gating or conductance may be a possible cause for the observed decrease in peak cur- 
rent amplitudes after mutation or modification of residues in the finger-ball interaction zone. Although we have not carried out a single-channel analysis of the gating of WT and mutant ASIC, some information can be obtained from the analysis of the macroscopic current. Acceleration of the inactivation rate may decrease the peak current amplitude. We have measured the time course of open-channel inactivation, which depends on the inactivation rate, from current traces at stimulation pH of 6.0 and 4.5. Although we observed tendencies to an acceleration of open-channel inactivation in N96C, S101C, G162C, and H163C compared with WT, and tendencies to a slowing in L95C, D164C, I224C, and E228C, these changes were not significant (supplemental Fig. S4 ). Exposure to MTSET did not further change significantly the open-channel inactivation time course in any of the mutants. Therefore, this analysis does not provide evidence for a role of changed channel kinetics in the observed current reduction due to the mutations or the exposure to Cd 2ϩ or MTSET. To test whether a change in unitary channel conductance could be at the origin of the decreased current amplitude induced by the mutation and/or the subsequent modification, we measured unitary currents from excised outside-out patches from oocytes expressing ASIC1a WT or the H163C or Q225C mutant. As illustrated by representative current traces in Fig. 7 , the mutations tested did not decrease the unitary current amplitude measured at Ϫ60 mV, which was in the absence of reagents Ϫ1.78 Ϯ 0.39 pA for ASIC1a WT, Ϫ1.76 Ϯ 0.36 pA for Q225C, and Ϫ1.66 Ϯ 0.38 pA for H163C. We have measured Q225C channel currents in the presence of 60 or 100 M Cd 2ϩ , which inhibited the pH 4.5-induced macroscopic current by ϳ70 -85% (Fig. 3A) . At these concentrations, the unitary current was not significantly inhibited (Fig. 7) . The unitary current amplitude in the presence of 60 M Cd 2ϩ was Ϫ1.85 Ϯ 0.25 pA (n ϭ 48 -392).
DISCUSSION
The residue His-163 is located at the interface between three structural domains of the ASIC extracellular loop in a region that is highly conserved in ASICs. We have analyzed the role of this finger-ball interaction zone in ASIC function. Mutation and/or site-specific chemical modification of His-163 and many of the residues oriented toward the center of the fingerball interaction zone (category I residues) led to a decrease in ASIC expression and maximal current amplitude and also changed the pH dependence of the channels. The decrease in ASIC maximal peak current amplitude after exposure to Cd 2ϩ or to MTS reagents was, however, not due to shifts in ASIC pH dependence or a decrease in unitary channel conductance nor was it due to a change in the number of channels at the cell surface. This suggests that Cd 2ϩ binding to or MTSET reaction with engineered Cys residues in the finger-ball interaction zone reduces the channel open probability. For three mutants, the effect of MTSET was smaller when the reagent was applied in pH conditions at which ASICs are inactivated, suggesting that inactivation induces conformational changes in the finger-ball interaction zone.
Expression of Mutant Channels-Many of the residues in the finger-ball interaction zone are rather hydrophilic. Mutation to the small, hydrophobic Cys is therefore expected to disrupt some interactions, as e.g. the H-bonds, because the mutation to Cys removed in most cases the atoms involved in H-bonds. The loss of H-bonds may be the cause of the observed reduction in ASIC currents. Indeed, when some of the residues that have been mutated in our study were mutated to other hydrophilic residues, thereby most likely preserving the H-bonds, neither the expression nor the function was changed. Examples are the H163N and E228Q mutations in rat ASIC1a (16) . However, it cannot be completely excluded that some of these mutations might destabilize the protein structure in a nonspecific way.
Mechanisms by Which Cd 2ϩ and MTS Reagents Decrease ASIC Currents in the Mutants-The changes in channel function observed after MTSET reaction or in the presence of Cd 2ϩ developed rapidly (order of minutes for MTSET and of seconds for Cd 2ϩ ). In the case of Cd 2ϩ , they were also completely and rapidly reversible. Therefore, an effect on the ASIC cell surface expression can be excluded. The maximal current amplitude might be decreased by a shift in pH dependence, but only if the shift of the activation is so large that at the stimulating pH measured (pH 4.5) the maximal current amplitude is not attained. Alternatively, the maximal current amplitude could be decreased by an alkaline shift of the pH dependence of SSIN, if the induced shift leads to inactivation of a fraction of the channels at the conditioning pH of the measurement, thus at pH 7.4. Although shifts in the pH dependence were observed due to sulfhydryl reaction in some mutants, they were too small or of the wrong sign (i.e. acidic shift of pHIn50) to be the cause of the observed decrease in current. Although the finger-ball interaction zone is far from the transmembrane and intracellular domains that have been shown to contribute to pore functions in epithelial Na ϩ channel/degenerin channels (25, 26), we tested whether mutation or modification changed the unitary current amplitude. The single-channel measurements, carried out with selected mutants, have shown that the unitary current amplitude was not decreased in mutants as compared with WT and was not decreased in the presence of Cd 2ϩ concentrations that strongly inhibit the macroscopic current.
Therefore, we conclude by exclusion of other possibilities that binding of Cd 2ϩ and sulfhydryl modification by MTS reagents interferes with the gating mechanisms. The singlechannel measurements carried out with the aim of determining the unitary conductance do not allow a quantitative analysis of channel gating. ASICs have been proposed to function in different gating modes with different open probabilities (27) . It is possible that Cd 2ϩ binding to or modification by MTSET of engineered Cys residues in the finger-ball interaction zone may put ASICs preferentially in a low open probability gating mode. Alternatively, it might reduce the probability of channel opening upon acidification, thus by acting on a ligand-independent transition that follows ligand binding. Our data do not allow us to distinguish between these two possibilities.
The remaining current after exposure to MTSET or in the presence of Cd 2ϩ had a modified pH dependence in some mutants, indicating that although these channels had been modified by MTSET or complexed by Cd 2ϩ , they were not completely inhibited. Because there are three finger-ball interaction zones per channel, it is possible that the channels with changed properties have been incompletely modified or bind Cd 2ϩ only in one or two subunits. Interface between Finger, ␤-Ball, and Upper Palm-The importance of the finger domain for the ASIC pH dependence has previously been shown. Three residues in the lowest ␣-helix of the finger, Lys-105, Asn-106, and Asp-107, profoundly affect the pH dependence of ASIC activation and SSIN when mutated (16, 17) , and cleavage by trypsin at Arg-145 on the uppermost ␣-helix of the finger shifts the pH dependence of both activation and inactivation (18) . Three of the four ends of the two peptide chains that form the finger pass through the finger-ball interaction zone, of which His-163 is the central residue. His-163 forms hydrogen bonds to residues on the two other loops connecting to the finger, Asn-96 on the first, and Gln-225 on the third loop. The finger is thus connected to the rest of the protein via the three strands passing through the finger-ball interaction zone and, in addition, through the continuation of the third of these strands that loops to the thumb region where it likely contributes to pH sensing (5, 14) and connects back to the ␤-ball.
Alternatively, the finger-ball interaction zone might not only link different domains but might itself contribute to ASIC pH sensing. The finger-ball interaction zone contains the potential pH-sensing residues His-163, Glu-228, Glu-97, and Asp-164. Glu-97 takes a special place among these residues, as it points away from the finger-ball interaction zone toward the thumb domain, where it may contribute to a network of protonable residues (5). In addition, it had previously been shown to contribute to Psalmotoxin binding (28) . Mutation of His-163 to Cys induced significant changes in ASIC pH dependence and might therefore be a pH sensor. However, a more conservative mutation of this residue to Asn, which also should disrupt its role as pH sensor, did not affect ASIC1a pH dependence in a recent study (16) , arguing against such a role of His-163. We have analyzed the pH dependence of the conservative mutants E228Q and D164N and found no change in activation or SSIN pH dependence relative to WT (34) . Therefore, we conclude that the fingerball interaction zone does not sense the pH by itself, except for a contribution of Glu-97. Rather, it acts as a linker that connects different domains involved in sensing and the parts of the protein that contain the channel gate. It is conceivable that if this linker is more resistant or less well adapted for transmitting the conformational changes induced by proton binding further toward the gate, due to mutation or modification, higher ligand concentrations are needed to "force" the channel opening, which would explain the shifts in pH dependence. An illustration of such a mechanism has been provided by a study of the link between the extracellular loop and the first transmembrane segment in rat ASIC1a (29) . The residue Trp-288 (Trp-287 in hASIC1a) is located at the lowest position of a loop connecting the thumb with the palm. Trp-288 points down on Tyr-72 (Tyr-71 in hASIC1a) at the extracellular end of the first transmembrane segment. Li et al. (29) showed that these two residues are critical for ASIC function and that their mutation induced strong shifts in ASIC pH dependence, although these two residues can clearly not be pH sensors.
Conformation of the Finger-Ball Interaction Zone-Cadmium showed a higher apparent affinity for category I than the category II mutants. Cadmium can be complexed by Cys and His residues similarly to Zn 2ϩ , which is in the same column of the periodic table. It is likely that in some of these mutants the Cd 2ϩ ion was complexed by the introduced Cys and by His-163. Our experiments with selected mutants showed that this is the case for Q225C but not for N96C. In Cd 2ϩ -chelating peptides, the distance between Cd 2ϩ and the chelating sulfur atom of the Cys is ϳ2.5 Å, and the distance to the nitrogen atom of the His residue is ϳ2.3 Å (30). For comparison, hydrogen bonds have center-to-center distances of the involved nitrogen and oxygen atoms of ϳ3 Å. It is likely that the Cd 2ϩ binding enforced the interaction between two chains of the finger-ball contact zone, e.g. between H163C of loop 2 and Q225C of loop 3, but did this in a conformation that was different from the normal (WT) conformation of this region. According to the structure, besides the Asn-96 -His-163-Gln-225 axis, there are in the finger-ball interaction zone two pairs of residues whose side chains point toward each other, Ser-101 to Glu-228 and Asn-94 to Tyr-229. Interestingly and consistent with this relative orientation, the Cd 2ϩ IC 50 values were similar between the residues engaged in a pair when either one or the other residue was mutated.
Reaction with MTSET induced a stronger inhibition of category I than of category II mutants, confirming that the side chains oriented toward the center of the finger-ball interaction zone are more important for ASIC function than those pointing away that contribute less to the interactions between the three
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loops. Most likely the MTSET modification impairs the interactions between the three loops by steric hindrance. Thus, both disruption of interactions between loops in the finger-ball interaction zone by MTSET and forcing it into a conformation by Cd 2ϩ impair channel function. This suggests that both the contact between the loops and some flexibility are required for efficient gating.
In the structural model of ASIC1, which represents the inactivated conformation of the channel, the central residues of the finger-ball interaction zone are, although close to the protein surface, oriented toward each other and mostly away from the protein surface. These residues seem not to be easily accessible, and calculation of the accessible surface by using the COOR SEARCH function implemented in the CHARMM c34 molecular mechanics software showed for the residues of the finger-ball interaction zone an accessible surface of less than 10% relative to the surface of the isolated amino acid, except for Asp-227 (34) . However, Cys mutants of these residues were efficiently modified by both small and large sulfhydryl reagents. In our experiments MTS reagents were normally applied to the channel in its closed state. When the exposure to MTSET was done under pH conditions that induce hASIC1a inactivation, the effect of MTSET on ASIC function was reduced in the mutants N96C, G162C, and H163C, indicating that the accessibility or the reactivity of these engineered Cys residues is different between the closed and inactivated channels. The most likely explanation for this observation is that inactivation induces conformational changes in the loops 1 and/or 2 of the finger-ball interaction zone. Exposure of N96C to a position different from that in the crystal structure may lead to its much higher reactivity to MTSET as compared with the other engineered Cys residues in this zone. The changed position of loop 1 (containing N96C) in the closed conformational state may be the cause of the increased accessibility for MTSET of G162C and H163C of loop 2 in the closed state as compared with the inactivated state. An orientation of N96C in the closed state that is different from the one in the structural model is also consistent with the observation that N96C binds Cd 2ϩ without a contribution of His-163 (Fig. 3B) . Even in the closed state, conformation N96C may not be completely exposed to the protein surface, as the observed molar reaction rate was still ϳ60 times lower than observed on an exposed engineered residue in the cystic fibrosis transmembrane regulator pore (31) or more than 1000-fold lower than measured on an engineered Cys residue in the voltage-gated Na ϩ channel inactivation gate (32) . Our observation of a conformational change is in contrast with the prediction from normal mode analysis that this domain would move as a whole during channel activation (14) . Experiments with environment-sensitive dyes or with fluorescence resonance energy transfer may provide information on possible conformational changes of this zone during activation and on the direction of the observed changes (13) .
In conclusion, the finger domain has previously been shown to be important for ASIC pH dependence. The main contact between the finger and the rest of the protein is in the fingerball interaction zone. We show here that this zone is critical for ASIC expression and function and undergoes conformational changes during inactivation.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Cell surface protein biotinylation and western blot analysis -The experiments described in Fig. S2 were carried out exactly as described in "Experimental procedures" except for the number of oocytes per condition which was 40.
Electrophysiological analysis of MTSET kinetics experiments -
The stimulation solution of pH 5.5 was applied once every minute during 5 s. Between acidic stimulations, the recording chamber was perfused with the conditioning solution at pH 7.4, which was changed after 4-5 acidic stimulations to one containing MTSET at a concentration that allowed resolution of the kinetics of current decrease, as indicated for each of the three mutants shown in Fig. S3B . Immediately before each acidic stimulation the conditioning solution with MTSET was changed for 5 s to one containing no MTSET. Kaleidagraph (Synergy software) was used to fit the kinetics of the current decrease of the normalized data, by using the equation: I = a + (1-a)ǜexp -kt , where I is the peak current amplitude normalized to that before MTSET addition, a, is the fraction of normalized current that is not inhibited by MTSET, k is the rate constant in min -1 and t is the time after start of MTSET exposure in min. Figure S1 . Structure of the finger-ball interaction zone in ASIC1a in Stereo view. A, Structure of hASIC1a established by homology modeling based on cASIC1 (PDB ID 2QTS). One of the three ASIC subunits is shown in color, identifying different parts of ASIC subunits (red: transmembrane segments, yellow: palm, orange: ȕ-ball, green: thumb, purple: finger, turquoise: knuckle. B, View of the finger-ball interaction zone with loop 1 in black, loop 2 in grey and loop 3 in brown. The side chains of the residues mutated in this study are represented as "ball-and-stick" (Category I residues, see text) and as "stick" (Category II residues). Hydrogen bonds predicted in Chimera (1) are indicated as blue solid lines. 
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